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Chiral light-matter interactions have been investigated for two centuries, lead-
ing to the discovery of many chiroptical processes used for discrimination of
enantiomers. Whereas most chiroptical effects result from a response of bound
electrons, photoionization can produce much stronger chiral signals that man-
ifest as asymmetries in the angular distribution of the photoelectrons along the
light propagation axis. Here we implement a self-referenced attosecond pho-
toelectron interferometry to measure the temporal profile of the forward and
backward electron wavepackets emitted upon photoionization of camphor by
circularly polarized laser pulses. We found a delay between electrons ejected
forward and backward, which depends on the ejection angle and reaches 24
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attoseconds. The asymmetric temporal shape of electron wavepackets emitted
through an autoionizing state further reveals the chiral character of strongly-
correlated electronic dynamics.
Bolts and nuts are amongst the most common chiral objects in our macroscopic world. Their
chiral nature is used to convert rotation to directional translation: rotating the nut on a bolt in-
duces its translation forward or backward, depending on the rotation direction. A very similar
effect occurs in the microscopic world when enantiopure chiral molecules are photoionized by
circularly polarized radiation (1). The ejected photoelectrons tend to go forward or backward
relative to the light propagation axis, depending on the helicity of the ionizing light and the
handedness of the molecules (2,3). As a result, the photoelectron angular distribution shows an
asymmetry, called photoelectron circular dichroism (PECD). PECD is one of the most sensitive
probes of static (4) and dynamical (5, 6) molecular chirality, producing signals that are up to
two orders of magnitude larger than most circular dichroisms. From a classical point of view,
PECD can be seen as the result of the combined action of the chiral molecular potential and the
circular ionizing electric field on the outgoing electron trajectories (7). Quantum mechanically,
it arises from the interference between partial waves of different parity constituting the outgoing
photoelectron wavepacket (1). Both interpretations show that subtle differences in the ioniza-
tion dynamics can have dramatic consequences. Consequently, PECD has been proposed as a
possible hypothesis to explain the homochirality of terrestrial life (8): the asymmetric electron
ejection induces an asymmetric recoil of the ions, which can lead to enantiomeric separation
when accumulated over hundreds of millions of years (9).
Photoionization was considered to be instantaneous from an experimental point of view until
attosecond technology made it possible to measure the underlying ultrafast electron dynamics.
Delays of a few attoseconds were measured between electrons originating from different atomic
orbitals (10), from distinct bands of a solid (11), associated with different vibrational states of a
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Figure 1: Schematic view of the two timescales of photoionization of two camphor enantiomers.
(1S)-(-)-camphor is shown in (A) and (B), (1R)-(+)-camphor in (C) and (D). In direct photoion-
ization (A), (C) the forward (f) and backward (b) electron wavepackets may be delayed by a few
attoseconds because of the asymmetric scattering of the outgoing electron in the chiral molec-
ular potential. In the case of autoionization (B),(D) the dynamics of the autoionizing state can
lead to different temporal structures of photoelectron wavepackets in the forward and backward
directions, on the femtosecond timescale.
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molecular ion (12) or from differing spin-orbit states (13). The direction of the electron emission
also influences the photoionization dynamics: delays have been observed between electrons
ejected at different angles (14–16) or from different sides of an asymmetric molecule (17, 18).
The photoionization process involves more complicated dynamics when autoionization oc-
curs. In that case, the photoabsorption promotes the system into a metastable bound state which
is coupled to equienergetic continuum states through configuration interaction. This coupling
leads to autoionization of the metastable state. The interference of direct and indirect photoion-
ization channels produces characteristic (Fano) spectral profiles (19), associated with complex
temporal dynamics. Pioneering attosecond experiments in rare gases recently showed the pos-
sibility of measuring the buildup of Fano lineshapes in the temporal domain (20) as well as the
spectral phase across the resonance (21,22), allowing the reconstruction of the temporal profile
of the electron wavepacket (22).
Here, we aimed to determine whether or not the electrons ejected forward and backward
from a sample of randomly oriented enantiopure chiral molecules were temporally synchro-
nized. Answering this question, for both direct (Fig. 1(A,C)) and indirect (Fig. 1(B,D)) pho-
toionization pathways, is a challenging task. Up to now, attosecond delay measurements in
the gas phase have been conducted on rare gas atoms or di- and triatomic molecules, which
were used as benchmark systems. These experiments have revealed a strong influence of the
weak probe field on the outcome of the measurement. It is thus necessary to perform accurate
theoretical calculations to calibrate these measurement-induced delays (10, 23). Such theoret-
ical calculations for large and low-symmetry chiral molecules (e.g. camphor, C10H16O) are
currently far from reach.
In order to directly access the delays between forward and backward electron emission,
without any measurement-induced effects, we implemented a self-referenced photoelectron in-
terferometry technique using photoionization by two phase-locked laser fields to detect differ-
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Figure 2: Principle and implementation of photoelectron interferometry. (A) Schematic exper-
imental setup. Two phase-locked femtosecond laser pulses with linear or circular polarization
are focused into a jet of enantiopure camphor molecules in the interaction zone of a velocity
map imaging (VMI) spectrometer. The photoelectrons are accelerated by a set of electrodes
onto microchannel plates imaged by a phosphor screen and a CCD camera, which records the
2D projection of the 3D angular distribution of the photoelectron spectrum with an energy reso-
lution around 0.2 eV at 2 eV. (C) Ionization scheme. The 400 nm pulse (40 fs duration, intensity
∼ 5× 1012 W/cm2) induces multiphoton above-threshold ionization of the molecules. The first
ionizing transition lies in the vicinity of an autoionizing resonance. The 800 nm pulse (30 fs,
intensity ∼ 5 × 1011 W/cm2) produces additional transitions, leading to the creation of side-
bands between the ATI peaks. (B) Typical measured photoelectron angular distribution and
evolution of the second sideband as a function of delay between the two fields. The oscilla-
tions in the upper and lower half of the distribution are out of phase, reflecting the up-down
asymmetry of the total ionizing electric field. (D) Angle-integrated photoelectron spectrum,
constituted of ATI peaks and n-th order sidebands (SBn). The full blue lines are the angularly-
integrated spectrally-resolved 2ω-oscillation phases for each sideband and the red dots are the
spectrally-averaged 2ω-oscillation phases for non-resonant SB2 and SB3.
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ential attosecond photoionization delays with a resolution of 2 as. By independently controlling
the chirality of the ionizing and probe light pulses, we fully decoupled the intrinsic photoion-
ization delays from the measurement-induced delays.
Photoelectron interferometry When an intense femtosecond laser pulse ionizes an atom or
a molecule, multiple photons can be absorbed above the ionization threshold (Above-Threshold
Ionization, ATI). In the spectral domain, ATI produces a comb of photoelectron peaks separated
by the laser photon energy (24). Each peak is characterized by a spectral width δω, and the
overall ATI spectrum extends over a width ∆ω. In the time domain, the ATI process leads to
the emission of attosecond electron bursts (Fig. 1(A-C)) of duration δt, which form a train.
The overall duration of the train ∆t is set by the laser pulse duration, typically a few tens
of femtoseconds. The ATI emission can last longer if an autoionizing state is populated: the
lifetime of the autoionizing state increases the electron wavepacket duration (Fig. 1(B-D)).
Characterizing the temporal dynamics of the ionization process requires measuring the process
on two timescales δt and ∆t. The femtosecond structure of the wavepacket is encoded in the
spectral intensity and phase within the bandwidth of each ATI peak: ∆t is related to δω. On
the other hand, the attosecond sub-structures are encoded in the relative amplitude and phase
between the different ATI peaks: δt is associated to ∆ω. In order to have a complete picture
of the temporal dynamics of the ionization process, it is thus necessary to measure the spectral
phase of the ATI peaks, both within their bandwidth (δω) and from one peak to the next (∆ω).
This is possible using photoelectron interferometry (22, 25, 26).
We first present the basic concepts of photoelectron interferometry and highlight the rich
spectroscopic information that it provides about the ionized target. For now, we are leaving
aside the chiral character of the experiment (by integrating over the photoelectron ejection an-
gles). The principle of the measurement is described in Fig. 2. The target molecule we chose
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was camphor, a bicyclic ketone which has been extensively studied in PECD experiments per-
formed in single-photon (1, 27), in multiphoton (28, 29) and in ATI regimes (30). Camphor has
a first ionization potential of 8.76 eV and Rydberg states starting around 6.2 eV: it is ionized by
2 + n resonance-enhanced multiphoton transitions when using a 400 nm ultraviolet (UV) field,
with n being the order of the ATI peak. In the presence of a weak infrared (IR) 800 nm field
(frequency ω), new peaks, called sidebands, appear between the ATI comb. Two quantum paths
lead to the same sideband: addition of an IR photon to ATI peak n, or subtraction of one IR
photon from ATI peak n + 1. These two paths interfere and the sideband amplitude oscillates
as a function of the relative delay between the UV and IR fields, at 2ω frequency (26, 31, 32).
The phase of the sideband oscillations encodes the relative phase between the two neighboring
ATI peaks and thus the temporal properties of the photoemission process.
The photoelectrons were collected by a velocity map imaging spectrometer (VMI), which
measures the angle-resolved photoelectron spectrum (Fig. 2(A,B)). The superposition of 800
nm and 400 nm pulses produces an electric field which is stronger in the upper or lower direc-
tion, depending on the relative delay between the two fields. As a consequence, the electrons
ejected up and down are modulated in opposite phase (26, 33) (Fig. 2(B)). We measured the
sideband phase independently on the angularly-integrated upper and lower half of the photo-
electron image and averaged the phase obtained from the upper half with the pi-shifted phase
obtained from the lower half. More details about the experimental setup, raw VMI images and
their inversion (34) as well as data analysis are given in Supplementary Material (SM).
Figure 2(D) shows the sideband oscillation phase ϕ2ω as a function of the photoelectron
kinetic energy E. The first sideband (SB1), which encodes the phase difference between ATI
peaks 1-2, presents an abrupt pi-phase jump around 1.9 eV. This is the signature of a resonance
associated with one or the other of the two contributing ATI peaks. The second and third side-
bands, which are built respectively upon ATI peaks 2-3 and 3-4, have a smooth phase variation
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across their bandwidth (i.e. without any trace of resonance). We can thus conclude that the reso-
nance occurs in the formation of the first ATI peak (ATI1), and does not propagate to the higher
ATI peaks, as confirmed by theoretical calculations of resonant photoelectron interferometry
presented in the SM.
We proceeded to investigate the chiral (enantio-specific) photoionization dynamics in the
two different regimes identified above: direct – attosecond – ionization (SB2 and SB3), and
indirect – femtosecond – ionization in the vicinity of an autoionizing resonance (SB1).
Attosecond delays in non-resonant photoionization We started by analyzing the direct pho-
toionization dynamics which occur on the attosecond timescale and are encoded in the relative
phase between the different ATI peaks. It can be obtained by extracting the oscillation phases
of the signals averaged over the bandwidth of each sideband, ϕ2ω(E). Neglecting the variations
over the spectral width is equivalent to assuming that the photoionization process is strictly pe-
riodic from one laser cycle to the next. The spectral homogeneity of the sideband phases shown
in Fig. 2(D) indicates that this assumption is reasonable for SB2 and SB3, but not for the reso-
nant SB1, which is discussed later. This scheme is similar to the conventional RABBIT analysis
(Reconstruction of Attosecond Beatings By Interference of Two-photon transitions) (25), here
extended to the case of multiphoton ionization (26, 32). Simulations presented in the SM vali-
date the analogy between the two techniques.
Measuring the phase ϕ2ω(E) is equivalent to measuring the time delay τ that maximizes the
signal of each sideband. This delay can be decomposed as the sum of three contributions, that
reflect the three steps of the sideband creation (35):
τ = τlight + τW + τcc (1)
The ionization is triggered by absorption of light at a well defined time τlight. Next, the
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Figure 3: Forward/backward differential delays in non-resonant photoionization of camphor.
(A) When the UV is linearly polarized and the IR is left-circularly polarized, the differential
delay ∆τ f/bcc is zero for SB2 and SB3. (B) Resolving angularly the differential delay shows that
it reaches non-zero values for electrons ejected close to the laser polarization plane (for SB2).
The inset depicts the angular distribution of the normalized SB2 intensity. (C) When the UV
field is circularly polarized and the IR one is linearly polarized, the differential delay ∆τ f/bW is
non zero for SB2. (D) Angular resolution of the differential delays from SB2. Error bars are
defined as the 95% confidence interval.
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electron scatters in the molecular potential and acquires a delay τW – the Wigner delay (36). The
electron also interacts with the weak IR field, which induces continuum-continuum transitions
from the main ATI peaks to the sidebands, introducing an additional delay τcc. Whereas τlight
and τcc are induced by the measurement, τW is intrinsic to the probed system and is the physical
quantity of interest. It represents the delay between an electron scattering in a given potential
and in a reference potential, as introduced by Wigner in 1955 (36).
To resolve the enantiosensitivity of Wigner delays, we turned to chiroptical measurements
comparing the sideband oscillation phases for electrons emitted in the forward vs. backward
directions, and extracting the difference ∆τ f/b = τ f − τ b. This procedure naturally eliminates
τlight, which is strictly common to the forward and backward electrons. Further decoupling is
achieved by using different combinations of linearly and circularly polarized light. Indeed, the
forward/backward (f/b) symmetry can only be broken by the chiral nature of the interaction, that
is, if a circularly polarized light pulse is used. We can thus selectively break the f/b symmetry
only in the ionization step by using a circularly polarized UV field and a linear IR field. In
that case ∆τ f/bcc = 0 and ∆τ
f/b = ∆τ
f/b
W . Alternatively, we can render the Wigner delay f/b
symmetric by using linearly polarized UV for ionization and circularly polarized IR probing
photons to obtain ∆τ f/bW = 0 and ∆τ
f/b = ∆τ f/bcc .
The photoelectron images were separated in four quadrants, and the signal was angularly-
averaged in each quadrant. A Fourier analysis of the 2ω-oscillations was conducted to deter-
mine the delay that maximized each sideband, in each quadrant. We calculated the difference
between the delays measured in the forward and backward directions ∆τ f/b. This procedure
was repeated for left and right helicities, and for five consecutive measurements of each enan-
tiomer. The delays measured from opposite helicities or opposite enantiomers have opposite
signs, revealing that the differential f/b ionization delay is a genuine chiral observable. In order
to extract the most accurate value of the differential delay, we averaged the results obtained
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from the (+) and (-) enantiomers: ∆τ f/b = (∆τ f/b(+) −∆τ f/b(−) )/2 (see SM).
First, we used a linearly polarized UV ionizing field and a circularly polarized IR mea-
surement field. The Wigner component τW of the sideband delay was thus f/b symmetric
(∆τ f/b = ∆τ f/bcc ). The results shown in Fig. 3(A) reveal that the differential f/b continuum-
continuum induced delay is zero (within the 2 as accuracy of the present measurement). This
means that the laser-induced transitions produce essentially the same delay on electrons emitted
in the forward and backward directions, without any significant sensitivity to the chiral charac-
ter of the ionic potential. However, a weak influence of the chiral potential is still noticeable
in this polarization configuration: the intensity of SB2 averaged over all UV-IR delays, shows
a f/b asymmetry (PECD) on the order of 0.5% (twice smaller than when the UV is circularly
polarized).
In order to find signatures of chirality in the photoionization delays, we resolved the angular
dependence of the photoionization dynamics (14,37,38). We integrated the photoelectron signal
in slices of 10◦ around different ejection angles α from the polarization plane of the light, and
measured the associated delays (∆τ f/bcc ). The results for SB2 are shown in Fig. 3(B). For
electrons emitted beyond 70◦, the signal was too low to extract reliable values. A weak but non-
zero ∆τ f/bcc is measured when electrons are ejected close to the polarization plane of the IR laser,
reaching 5 ±2 as at α = 25◦. This delay tends to vanish for higher ejection angles but the error
bars become larger due to the lower level of signal. Measurements on SB3 show a zero delay
whatever the ejection angle (see SM). In the commonly accepted intuitive picture of multicolor
photoionization, the linear UV field induces bound-free transitions starting from the molecular
core region, and the IR field subsequently drives continuum-continuum transitions while the
electron is escaping from the core region. The continuum-continuum transitions are thus rather
insensitive to the details of the molecular potential. This interpretation was recently confirmed
by the observation of a zero continuum-continuum delay between electrons escaping the two
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sides of an oriented asymmetric molecule in theoretical calculations (17). The zero overall
delay we measured between forward and backward electrons on SB2 and SB3 is consistent with
this picture. Nevertheless, the angle-resolved measurements demonstrate that the continuum-
continuum transitions can be slightly influenced by the core (chiral) region of the potential.
Second, we broke the f/b symmetry in the ionization step by switching the polarization state
of the ionizing UV field to circular while using a linearly polarized IR field. The photoionization
process is here intrinsically f/b asymmetric, while the continuum-continuum coupling is f/b
symmetric: ∆τ f/b = ∆τ f/bW . The magnitude of the temporally-averaged PECD on the SB2 was
larger than in the previous configuration, reaching 1%. The measurements (Fig. 3(C)) show a
differential delay of ∆τ f/bW = 7± 2 attoseconds for the second sideband (SB2). Our experiment
is thus able to reveal a small f/b asymmetry in the Wigner delay in the photoionization of chiral
molecules by circularly polarized light. The ∆τ f/b vanishes for SB3 because of the decrease
of both the f/b asymmetric character of the photoionization and the absolute Wigner time delay
with increasing photoelectron kinetic energy.
The evolution of the differential Wigner delays with photoelectron ejection angle are shown
in Fig. 3(D). Close to α = 0◦, ∆τ f/bW is null, which is not surprising since the PECD also
vanishes in the laser polarization plane. For electrons emitted in the 60-70◦ slice, ∆τ f/bW reaches
24 as. This angle-resolved analysis shows that while the average difference between forward
and backward electron ionization times is only 7 as, it strongly varies with ejection angle and
can reach higher values for electrons emitted away from the laser polarization plane. Repeating
this analysis for SB3 shows that the differential Wigner time delay remains zero within the error
bars for all photoelectron ejection angles (see SM). By accessing the angular dependence of the
emission time, our measurements give access to the phase properties of the photoionization
matrix elements. The determination of the underlying scattering phase shifts has been a long-
standing quest of photoionization experiments, and our results show that their energy-derivative,
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i.e. the Wigner delays, are accessible with high accuracy using a relatively simple setup.
The differential Wigner delay is a signature of the asymmetric scattering process which is at
the heart of the photoelectron circular dichroism phenomenon. Wigner delays are determined
by the energy derivative of the scattering phase. We performed a theoretical analysis of the
photoionization of camphor molecules (see SM for details about the theoretical model). Our
calculations confirm the existence of asymmetric Wigner delays, even in a randomly oriented
ensemble of molecules. The theoretical forward/backward differential Wigner delay ∆τ f/bW is
of the order of 5 as for 2 eV electrons, which agrees with the present experimental observa-
tion. Interestingly, the evolution of ∆τ f/bW with respect to the photoelectron energy, shown in
the SM, shows rich spectroscopic features that are not visible in the photoelectron spectrum
and cannot be easily distinguished in the PECD signal. Thus ∆τ f/bW is a remarkable chiral
observable, which enables tracking of subtle features of the molecular potential such as, for
example, the differential Cooper minima, surviving the molecular orientation averaging (see
SM). This observation opens prospects for highly sensitive experiments, for instance through
molecular-frame measurements (39), as well as accurate testing of advanced quantum theories
of molecular photoionization.
The differential f/b analysis and the control of the chiral symmetry breaking of the inter-
action enabled us to fully decouple the different components of the photoionization delays,
without the need for any theoretical input, and to reveal a tiny but measurable delay in the direct
photoionization. We proceeded to use photoelectron interferometry to extract more complex dy-
namics occurring when the chiral molecules are photoionized in the vicinity of an autoionizing
resonance.
Resonant photoionization Continuum resonances play an essential role in the photoioniza-
tion of most polyatomic molecules. They can arise from the shape of the molecular potential,
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in a single-electron picture (shape resonances) (40), or from multi-electron dynamics involving
electron correlations and couplings between different channels (19). In both cases, spectrally
localized scattering phase jump(s) are expected, reflecting the modification of the ionization
dynamics. For instance, in chiral molecules, the PECD was recently shown to be enhanced in
the vicinity of a Fano resonance (41). Here we used the photoelectron interferometry technique
to directly track the asymmetric ionization dynamics of chiral molecules in the vicinity of an
autoionization resonance.
As shown in Fig. 2(D), the SB1 presents a sharp pi-phase jump around 1.9 eV, which reflects
the presence of a resonance on the first ATI peak. We resolved this phase jump in the forward
(blue) ϕF and backward (red) ϕB directions, using circularly polarized UV (Fig. 4(A)) or IR
(Fig. 4(C)) light. When the UV light is circularly polarized, the spectral phase exhibits a weak
∼ 0.75 rad bump centered around 2.1 eV. A significant difference was seen between the forward
and backward spectral phases. This difference (∆ϕf/b = ϕF − ϕB) (Fig. 4(B)) shows a good
mirroring between the two enantiomers.
The case where the f/b symmetry is broken by the weak IR pulse (linear UV and circular IR)
is more intriguing. The spectral phases show a steep∼ pi jump around 1.9 eV, in opposite direc-
tions for forward and backward electrons. After the jump, the phases become nearly identical,
as they are separated by ∼ 2pi (Fig. 4(C)). The f/b differential phases (∆ϕf/b) obtained in the
two enantiomers are almost exactly opposite (Fig. 4(D)). To a first approximation, the presence
of this huge asymmetry is unexpected. The circularly polarized field acts during the continuum-
continuum transitions, which should be affected mostly by the long-range (non-chiral) part of
the molecular potential and should, therefore, be f/b symmetric (17). Our measurement demon-
strates that in the vicinity of a resonance, the f/b symmetry can also be broken during the
continuum-continuum transitions. This finding is in agreement with a recent theoretical inves-
tigation of photoelectron interferometry, which demonstrated that the simple separation of the
14
Figure 4: Phase-resolved resonant photoionization in camphor. (A),(C) Spectral amplitudes
(black) and forward and backward spectral phases (ϕf (E), blue and ϕb(E), red) of SB1 in
(1R)-(+)-camphor, using left-circularly polarized UV - linearly polarized IR (A) and linearly
polarized UV - left-circularly polarized IR (C). (B),(D) forward backward asymmetry of the
spectral phase (∆ϕf/b) in camphor, using left-circularly polarized UV - linearly polarized IR
in (B) and linearly polarized UV - left-circularly polarized IR (D). In (B) and (D), the dots
represent the mean values of the forward backward asymmetry of the spectral phase while the
solid lines show the error bars, which are defined as the 95% confidence interval.
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measured delay (τ ) in a sum of the contributions from Wigner (τW ) and continuum-continuum
(τcc) delays did not hold anymore in the presence of a resonance (42). Indeed, Argenti et al.
demonstrated that τW and τcc are entangled in resonant photoionization. The measured delay
(τ ) is representative of the two-color photoionization process, and our results show that the cir-
cular polarization of the weak IR field is sufficient to induce a major symmetry breaking, in the
presence of a resonance.
Asymmetric electron wavepackets We could retrieve the temporal profiles of the two-color
forward and backward wavepackets by Fourier-transforming their measured spectral amplitudes
and phases. In order to extract the angular dependence of these temporal profiles, we analyzed
the oscillations of SB1 as a function of the electron ejection angle (α), as done previously
in the non-resonant case (see raw data in SM). Figure 5 shows the resulting angle-resolved
wavepackets in the temporal domain. In both polarization configurations, the wavepacket shows
a single temporal peak when the electrons are ejected close to the propagation axis of the light
(90◦), and a double peak structures when the electrons are ejected near the laser polarization
plane (0◦). The latter are signatures of the temporal interference between the direct non-resonant
and the resonant components of the autoionizing wavepackets (22). The effect of the resonance
appears more confined around the laser polarization direction when the UV field is linearly
polarized (Fig. 5(B)), probably because of a stronger anisotropy of the resonant excitation
compared to the circularly polarized case.
The chiral nature of the photoionization process can be investigated by comparing cuts of
the temporal profile of electrons ejected at positive (forward, blue) and negative (backward,
red) angles (α). When the UV field is circularly polarized, the two bumps of the forward
electron wavepacket emitted around 30◦ maximize ∼ 400 as after the backward wavepacket
(Fig. 5(A)). Interestingly, a similar delay is measured around 60◦, where the wavepacket shows
16
Figure 5: Angle-resolved temporal profile of the autoionizing photoelectron wavepacket. The
contourplot depicts the temporal profile of the wavepacket as a function of the electron ejection
angle. The upright external plots show forward (blue) and backward (red) cuts of the wavepack-
ets along specific angles. (A): left-circularly polarized UV, linearly polarized IR. (B): linearly
polarized UV, left-circularly polarized IR.
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a single peak structure. As the ejection angle further increases, the ordering between forward
and backward emission reverses, with a ∼ −250 as delay around 80◦. These subtle features
obey chiral inversion when switching from one enatiomer to the other, as shown in the SM. In
the other polarization configuration (Fig. 5(B)), the two bumps from the forward and backward
wavepackets are synchronized in time for electrons ejected close to the laser polarization plane
(α = 0◦). However their relative yield is strongly f/b asymmetric. This means that in the vicinity
of resonances, where τW and τcc are entangled (42), the perturbative IR pulse can be used to
break the f/b symmetry and to subsequently tailor asymmetric electronic wavepackets, both in
time and space. At larger emission angles, where the dynamics are governed by a single -non-
resonant- pathway, the single-peak wavepackets become forward-backward symmetric. This
analysis provides a deep insight into the angular-dependence of the multielectron dynamics
governing autoionization.
Comparing the two polarization configurations used in the measurements (Fig. 5) shows
that the wavepacket asymmetry is in fact much stronger when it is the weak IR field that is
circularly polarized. We attribute this result to the sequential nature of the resonant photoion-
ization process. The linearly polarized UV photons populate a quasi-bound state embedded
in the continuum, which can relax by ionization, releasing electrons at the energy of the first
ATI peak (autoionization, Fig. 2 (C)). However another process could lead to ionization of the
quasi-bound state: the absorption of one IR photon releasing an electron with the energy of
the first sideband. This can be seen as a classic PECD experiment, starting from a highly ex-
cited quasi-bound state. Recent experiments showed that PECD could be observed when bound
states excited by linear photons were ionized by circularly polarized photons (5). The present
scheme extends this scenario to quasi-bound states. On the other hand, when the UV photons
are circularly polarized, they can induce an asymmetric wavepacket in the excited states, a phe-
nomenon called PhotoeXcitation Circular Dichroism (PXCD) (43). The ionization of such a
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wavepacket by linearly polarized light produces f/b asymmetries, but they were observed to
be weaker than the PECD from excited states. This could explain why we observe a weaker
wavepacket asymmetry when the IR photons are linearly polarized.
Time-frequency analysis The temporal profile of the wavepackets only provides spectrally
integrated information about the rich ongoing dynamics. The spectral origin of temporal asym-
metries can be revealed using a time-frequency analysis (44). The Wigner-Ville distribution
(WVD) is particularly interesting because it encodes the quantum interference between differ-
ent components of a wavepacket. For a wavefunction Ψ(t), the WVD (W (Ω, t)) is defined
as:
W (Ω, t) =
∫
Ψ(t− τ/2)Ψ∗(t+ τ/2)eiΩτdτ (2)
where Ω is the angular frequency, and t is the time. Figure 6 shows the WVD of the electron
wavefunctions emitted around α = +10◦ (forward, Ψf (t)) and α = -10◦ (backward, Ψb(t))) from
the laser polarization plane. The distributions were calculated by averaging the wavepacket
from (+)-camphor and the mirrored wavepacket from (-)-camphor. A strong negative lobe is
present around time t = 0 at the energy of the resonance (1.9 eV), revealing the quantum
interference between the direct and indirect ionization components. Hyperbolic fringes con-
verging to the energy of the resonance are observed in the leading or falling edge of the dis-
tribution, depending on the f/b emission direction. The asymmetry of these fringes reflects an
asymmetric destructive interference between wavepacket components. In order to isolate the
asymmetric part of the wavefunction, we calculate the WVD of the differential wavefunction
∆Ψfb(t) = Ψf (t) − Ψb(t) (Fig. 6(C)). They are strikingly simple, with a temporally long and
spectrally narrow signal at the energy of the resonance, and almost no negative components. We
conclude that while the forward and backward wavepackets are each formed by the coherent su-
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Figure 6: Wigner-Ville distributions of the autoionizing photoelectron wavepackets. The distri-
butions were calculated on an average wavepacket obtained by summing the wavepacket from
(1R)-(+)-camphor and the mirrored wavepacket from (1S)-(-)-camphor. (A) shows the WVD
of a forward wavepacket emitted around α = 10◦ from the linearly polarized UV field, and (B)
the WVD of a backward wavepacket emitted around α = -10◦ (C) is the WVD of the forward-
backward differential wavepacket.
perposition of a resonant and a non-resonant contribution, the chiral character of the wavepacket
appears to be strongly dominated by a single - resonant - pathway, which leads to the disappear-
ance of the signature of quantum mechanical interference in the WVD. The WVD thus provides
unique insight into the origin of the asymmetric shaping of photoelectron wavepackets during
resonant photoionization of chiral molecules.
Conclusions and Perspectives Our results show that using circularly polarized photons to
drive photoionization of chiral molecules induces asymmetric delays in the photoemission, on
both femtosecond and attosecond timescales. In direct non-resonant photoionization, the for-
ward/backward asymmetry in the Wigner time delays are on the order of few attoseconds. In
the vicinity of an autoionizing resonance driven by electronic correlation, we have found that
the emitted two-color electron wavepacket is strongly asymmetric, demonstrating the chiral
character of this multielectronic effect. By using the synergies of molecular and light chirality
in the vicinity of resonances, we demonstrated tailoring of the shape of the released electron
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wavepackets, both in time and space, which is a new scheme for multidimensional attosecond
quantum control. The high accuracy of the measurements can also be used as a powerful bench-
marking tool for quantum theories of molecular photoionization. Finally, our approach could
be generalized to a broad variety of systems to shed light on the ultrafast symmetry breakings
which are at the heart of very recent technological and scientific breakthroughs, such as in
superconducting chiral nanotubes (45) and chiral spintronics devices (46).
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Supplementary Materials
1 Experimental details
1.1 Experimental setup
A scheme of the experimental setup is shown in figure 7. It consists of a standard Mach-Zehnder
interferometer. The incoming beam is delivered by the Aurore laser system at CELIA, which
provides 800 nm 25 fs pulses at 1 kHz, with up to 7 mJ energy. In one of the two arms, we
frequency double the pulses by using a type-I 200 µm thick BBO crystal. The remaining 800
nm is filtered out by reflection on two dichroic mirrors. In the 800 nm arm, a delay stage is
installed to temporally overlap the two beams. The control of the attosecond delay is achieved
by a pair of wedges rather than by translating mirrors. This enables us to convert a rather
large translation motion of one wedge into small delays (1 micron for 67 attoseconds, while
a 1 micron translation of the mirrors would induce a 6.7 femtoseconds delay), releasing some
constraints on the translation stage accuracy and repeatability.
Motorized quarter-wave plates are placed in both arms of the interferometer, allowing to
fully control the polarization of each color independently. After the quarter-wave plates, all
reflections are at ∼ 0◦ to avoid polarization state artifacts. The 400 and 800 nm beams are
recombined using a dichroic mirror and are focused into the interaction region of the Velocity
Map Imaging Spectrometer. To compensate chromatic aberration induced by the lens, we have
installed a lens telescope in the 800 nm arm, which allows us to focus both 400 nm and 800 nm
at the exact same position in the spectrometer. In all presented experiments, the 400 nm/800 nm
delay was scanned over a range of ∼ 6700 as by steps of 133 as.
The enantiopure chiral samples (Sigma Aldrich, 98% purity for (1R)-(+)-camphor and 95%
purity for (1S)-(-)-camphor) were heated in an oven at 60◦C, carried to the VMI by a 80◦C
heated line, and conducted under vacuum by a 100◦C heated tube to a 250 µm nozzle located
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Figure 7: Scheme of the optical setup. BS is a 80/20 beamsplitter; λ/2 and λ/4 are half- and
quarter-wave plates, respectively; BBO is a type-I 200 µm thick β-Barium borate crystal; DM
are dichroic mirrors; FM is a flip mirror and BD is a beam dump. The setup is not at scale.
7 cm away from the interaction zone. No carrier gas was used. The pressure in the interaction
chamber was typically 2×10−7 mbar. The velocity distribution of the photoionized electron was
projected onto a set of dual microchannel plates and imaged by a phosphor screen and a CCD
camera.
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2 Theory
2.1 Equivalence between ATI and RABBIT electron interferometry
The measurement of photoelectron wavepacket spectral amplitudes and phases is usually per-
formed using the RABBIT technique (25). In RABBIT, the ionizing radiation is a comb of
XUV harmonics. The photoionization is driven by single photon absorption since the photon
energy of the harmonics is usually greater than the ionization potential of the target. An ad-
ditional weak IR pulse is used to produce photoelectron sidebands. The oscillation phase of
those sidebands as a function of the XUV-IR attosecond delay provides the information which
is needed to reconstruct the temporal dynamics of the photoionization.
The scheme used in our experiments is similar but the single-photon ionization by high-
harmonics is replaced by Above-Threshold Ionization (ATI) by a UV (400 nm) laser field (26).
This choice was motivated by two key elements: (i) the polarization state of the UV pulse is
easily tunable from linear to circular, and (ii) ATI produces much simpler photoelectron spectra
in large molecules with many molecular orbitals lying energetically close to each other. In this
section of the SM, our goal is to show that our ATI electron interferometry scheme allows us to
retrieve equivalent information than in a RABBIT experiment.
As introduced by Gruson et al. (22), spectrally resolved RABBIT (Rainbow-RABBIT) en-
ables the direct measurement of spectral phase jumps in the vicinity of a resonance. In this
case, the n-th order harmonic of the XUV comb photoionizes the target close to an autoioniz-
ing resonance. The spectral amplitude and phase of the corresponding photoelectron peak are
thus strongly modulated by the presence of the resonance. The adjacent harmonics ((n-1)-th
and (n+1)-th orders) photoionize the target in a flat region of the continuum (i.e. away from
resonances). The spectral amplitude and phase of the associated photoelectron peak are thus
unstructured. The absorption/emission of an additional IR photon from both peaks leads to the
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formation of a sideband. The sideband results from the interference of the resonant photoelec-
tron peak (n-th) with the non-resonant adjacent peak. The spectral phase of the sideband thus
directly provides the spectral phase of the resonant photoelectron peak, since it is heterodyned
by a peak with a flat phase.
Our case is quite similar, but the ATI peaks share some common transition pathways. If a
resonance is present at the energy of the (n-th) ATI peak, its signature may be carried to the
((n+1-th)) ATI peak, which could not be used as a phase reference to retrieve the phase jump. It
is thus important to answer the following question: does the effect of the resonance propagate
through the ATI peaks, or is it localized on the resonant ATI peak only?
Figure 8: Photoelectron interferometry in the RABBIT (A) and ATI (B) regimes. The photo-
electron spectra are shown in black. The spectrally-resolved 2ω-oscillation phase of the side-
bands in the RABBIT regime (A) is shown in red, and in the ATI regime (B) is shown in blue.
To do so, we solved the time dependent Schro¨dinger Equation for a 1-D model atom, rep-
resented by a short-range Gaussian potential where we added symmetric barriers in order to
induce a shape resonance into the continuum, as in (47). The parameters of the potential were
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adjusted to approximately match the ionization potential of the molecule as well as the energy
of the resonance encountered in the experiment. The propagation was performed on a spatial
grid using the Crank-Nicolson algorithm in the velocity gauge. The photoelectron spectrum
was extracted from the final wave function thanks to the window operator.
We used two kinds of electric field, both composed of harmonics of the fundamental IR field,
whose wavelength is set at 806.4 nm (h¯ω = 1.5375 eV). In the first case, dubbed ”ATI”, we
ionized the system with only the second harmonic (2ω) at an intensity of I2ω = 7×1012 W/cm−2
and a pulse duration of FWHM ≈ 20 fs in intensity. In the second case, called ”RABBIT”, the
ionizing field was an attosecond pulse train of the same duration, made from harmonics 6, 8,
10, 12 and 14 of the IR frequency ω in order to reach the same energies as in the ”ATI” case.
For the sake of simplicity, we considered that all harmonics were synchronized and of the same
intensity IH = 3× 108 W/cm−2.
In order to observe sidebands, we added a weak IR field (Iω = 8× 1010 W/cm−2), with the
same duration, and we varied its phase δ ≡ ωτ . Following the procedure introduced in (22),
the photoelectron spectra S(δ) as a function of delay δ were analysed for each energy, using the
following fit:
S(δ) = S [1−B2cos(2δ + ϕ2)−B4cos(4δ + ϕ4)] , (3)
where B2 and B4 are proportionality coefficients and ϕ2 and ϕ4 are the phases of the 2ω-
and 4ω-oscillations.
Note that in the ”ATI” case, we analyzed the spectra in only one direction, i.e. x > 0. This
is compulsory as the parity of the sideband final state is different, whether the path leading to
the sideband comes from the ATI peak below or above. Therefore, there would be no sideband
oscillation if the spectra were taken over the all x space. This is not the case in the ”RAB-
BIT” case, because the sideband parity is always ”even”, as invariably reached by a two-photon
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transition.
As shown in figure 8, both RABBIT and ATI techniques show a large spectral phase jump
across the bandwidth of the SB1, while it is mostly flat for SB2 and SB3. This results con-
firm that the effect of the resonance does not propagate above the resonant ATI peak. This
observation validates that our experimental interferometric ATI scheme is well suited for the
measurement of the spectral amplitude and phase of photoelectron wavepackets. Beyond this
similarity, we observe some differences in the evolution of the spectral phases: the phase jumps
are slightly different, and a linear phase appears on each higher ATI sidebands as well as be-
tween the ATI sidebands. These are the signature of differences between the single photon and
multiphoton ionization dynamics.
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2.2 Calculation of differential Wigner delays in one-photon ionization of
camphor molecules
Atomic units will be used throughout this section unless otherwise stated.
2.2.1 The theoretical approach
In the framework of the dipolar approximation, ionization probabilities and cross sections de-
pend on the matrix element which, when defined in the molecular frame, reads
d
(mol)
k′ =< Ψ
(−)
k′ |r.E|Ψi > (4)
where E is the electric field associated to the incident radiation, Ψi is the initial molecular state,
and Ψ(−)k′ is the stationnary ingoing scattering state describing an electron ejected in the direction
kˆ′ in the molecular frame. r.E is the dipolar interaction term, expressed in the length gauge,
where r stands for the vectorial coordinate of the active electron. In this respect, we work in
a single active electron picture where inner electrons remain frozen throughout the interaction
and are accordingly described by the same molecular orbitals in both Ψi and Ψ
(−)
k′ .
The optimization of molecular geometry and Ψi result from Density Functional Theory
calculations using the GAMESS-US package (48) with the 6-311++G** underlying Gaussian
basis (49) and CAM-B3LYP exchange-correlation functional (50).
The electric field, circularly polarized, is naturally defined in the laboratory frame so that
the dipolar interaction term must be transposed into the molecular frame as
r.E = x± iy =
√
2pi
3
r(aY −11 (Ω) + bY
1
1 (Ω))
=
√
2pi
3
r
∑
ν
(aD(1)ν−1 + bD(1)ν1 )Y 1ν (Ω′) (5)
where we have assumed ||E|| = 1 and Y ml are usual spherical harmonics defined either in
the laboratory frame (with argument Ω) or in the molecular frame (with argument Ω′). The
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coefficients (a, b) are (0,-2) in the x+ iy case and (2,0) in the x− iy one. D(l)mn′ ≡ D(l)mn′(α, β, γ)
are Wigner matrix elements (51) related to the rotation, in terms of the Euler angles (α, β, γ),
that brings the laboratory frame in coincidence with the molecular one.
The multi-center scattering state Ψ(−)k′ is expanded in terms of partial waves (52)
Ψ
(−)
k′ (r) =
∑
l,m
ile−iσlΨ(−)k′lm(r)Y
m∗
l (kˆ
′) (6)
where σl is the Coulomb phase shift for electron wavevector k′ and angular momentum l. The
complex Ψ(−)k′lm(r) states, which fulfill appropriate boundary conditions, are related to real states
Ψk′lm(r) through the transformation
Ψ
(−)
k′lm(r) =
∑
l′m′
(I+ iK)lm,l′m′Ψk′l′m′(r) (7)
where I is the unitary matrix and K is the so-called K-matrix (see below). The Ψk′lm are real
solutions of the Schro¨dinger equation HΨk′lm = Ψk′lm, with  = k′2/2.
To solve the Schrdinger equation, we employ an approximate form of the potential felt by
the electron ejected from neutral camphor, in terms of so-called ElectroStatic Potential ESP-
charges (53), which basically consist of non-integer charges Zeffi located on the nuclei of the
molecule, so that
V (r) = −∑
i
Zi
|r−Ri| +
∫ ρ(r′)
|r− r′| ∼ −
∑
i
Zeffi
|r−Ri| (8)
on Van der Walls surfaces surrounding the molecule. Zi and Ri are the real charges and lo-
cations of the nuclei while ρ(r) is the core electron density which does not include the den-
sity associated to the active electron. Therefore limr→∞ V (r) = −1/r. Subsequently to a
single-center decomposition of V (r) onto spherical harmonics (54, 55), the coupled-channel
Schro¨dinger problem is solved using the renormalized Numerov method of Johnson (56). The
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K-matrix elements are defined in the asymptotic r-region according to
Ψk′lm(r) ∼ 1√
pik′r
∑
l′′m′′
(sin(θl′′)δl′m′,l′′m′′ + cos(θl′′)Kl′m′,l′′m′′)Y
m′′
l′′ (rˆ) (9)
where θl′′ = k′r − l′′pi/2− (1/k′) ln(2k′r) + arg Γ[l′′ + 1− i/k′].
Once the Ψk′l′m′ states andK-matrix elements are known, we are able to compute the dipolar
amplitudes aklmν
aklmν =< Ψ
(−)
klm|rY ν1 |Ψi > (10)
using eq. (7). According to eqs. (4)-(6), the dipole in the molecular frame is thus simply
d
(mol)
k′ =
√
2pi
3
∑
lmν
(−i)leiσlak′lmν(aD(1)ν−1 + bD(1)ν1 )Y ml (kˆ′). (11)
Performing the inverse rotation on Y ml to pass from the molecular frame to the laboratory one,
we obtain the dipole in this latter
d
(lab)
k =
√
2pi
3
∑
lmνµ
(−i)leiσlaklmν(aD(1)ν−1 + bD(1)ν1 )D(l)∗mµY µl (kˆ) (12)
which can be evaluated for any direction of electron ejection kˆ = (θ, ϕ) in the laboratory.
Introducing the simple notation d(lab)k = |d(lab)(k,θ,ϕ)|eiϕ(k,θ,ϕ), the Wigner delay can be com-
puted in the case of an oriented molecule as (16, 17, 36, 57)
τW (k, θ, ϕ) =
∂
∂E
ϕ(k, θ, ϕ) ≡ 1
k
∂
∂k
ϕ(k, θ, ϕ). (13)
However this delay is defined for a given orientation Rˆ while the experiment deals with sam-
ples of randomly oriented molecules. We thus have to introduce an orientation-averaged delay
τ¯W (k, θ, ϕ), within which the contribution of a particular orientation Rˆ is weighted by its con-
tribution to the total electron production
N (k, θ, ϕ) =
∫
dRˆ|d(lab)k (Rˆ)|2, (14)
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according to (16)
τ¯W (k, θ, ϕ) =
∫
dRˆτW (Rˆ;k)
|d(lab)k (Rˆ)|2
N (k) . (15)
In practice, the integrations on Rˆ, with dRˆ = 1
8pi2
dα sin(β)dβdγ, are performed by (Simpson)
numerical quadratures with angular spacing ∆α = ∆β = ∆γ small enough to ensure conver-
gence of the computed τ¯W values.
The one-photon counterpart to the measured differential Wigner delay is then evaluated by
subtracting the τ¯W values in the forward and backward directions:
∆τ¯
f/b
W (k) = τ¯W (k, 0, ϕ)− τ¯W (k, pi, ϕ), (16)
the axis z of quantization being collinear with the direction of propagation of the incident di-
rection. The delay difference is also inspected between the left and right directions:
∆τ¯
l/r
W (k) = τ¯W (k, pi/2, pi)− τ¯W (k, pi/2, 0). (17)
Note that similar quantities can be evaluated for a fixed orientation, ∆τ f/bW (Rˆ; k) = τW (Rˆ; k, 0, ϕ)−
τW (Rˆ; k, pi, ϕ) and τ
l/r
W (Rˆ; k) = τW (Rˆ; k, pi/2, pi)− τW (Rˆ; k, pi/2, 0).
Finally, our calculations also enable to estimate the PhotoElectron Circular Dichroism (PECD)
in the forward/backward and left/right directions as
PECDf/b(k) = 2
N (k, 0, ϕ)−N (k, pi, ϕ)
N (k, 0, ϕ) +N (k, pi, ϕ) (18)
PECDl/r(k) = 2
N (k, pi/2, pi)−N (k, pi/2, 0)
N (k, pi/2, pi) +N (k, pi/2, 0) . (19)
(20)
2.2.2 Results
All the following results have been obtained using ∆α = ∆β = ∆γ = pi/32 which guaranteed
convergence of all computed observables.
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We first present in Fig. 9 the differential electron production N , defined in eq. (14), along
the forward, backward, left and right directions of electron ejection, for (1S)-(-)-camphor irra-
diated by a left circularly polarized radiation. While N ’s are strictly identical in the left and
right directions, they significantly differ in the forward and backward directions for electron
energies E less than 30 eV. This is a feature commonly observed in photoionization of chiral
systems (2, 27), which gives rise to a sizeable PECDf/b while PECDl/r = 0 for all E (see
inset of Fig. 9). Interestingly the PECDf/b changes sign about E = 10 eV. Since our cal-
culations assume that the nuclei are frozen and consider only the single outermost molecular
orbital, such a sign change illustrates kinetic energy effects, i.e. the energy dependence of mul-
tiple electron scattering off the chiral potential (2, 7, 27). The PECDf/b exhibits a maximum
value of ∼ 8% about E = 2 eV, and a shoulder shows up in the E = 6− 10 eV region.
The differential Wigner delays, ∆τ¯ f/bW and ∆τ¯
l/r
W , defined in eqs. (16) and (17) respectively,
are displayed as a function of E in Fig. 10. As for the PECD, we find that ∆τ¯ l/rW = 0 what-
ever is E. By contrast, ∆τ¯ f/bW 6= 0 and presents sizeable values in the attosecond range. The
forward/backward differential delay is maximum at low E, as intuitively expected since low
energy electrons spend more time in the chiral potential. However, it consists in this energy re-
gion of a small fraction only of the typical Wigner delay, which is illustrated in the inset of Fig.
10. In practice, τ¯ fW ∼ τ¯ bW ∼ τ¯ lW ∼ τ¯ rW and the ratio |∆τ¯ f/bW /τ¯ f,bW | maximizes in the intermediate
energy region centered about ∼ 10 eV. Kinetic energy effects also show up in ∆τ¯ f/bW through a
sign change about E = 4 eV. But more interestingly, the differential Wigner delay presents rich
spectroscopic features in terms of local maxima/minima forE > 1 eV. These features are totally
absent in the electron production signals of Fig. 9 and almost invisible in the usual PECD (inset
of Fig. 9). In fact, differentiating the PECD with respect to E partially allows retrieving the
structures strongly marked in ∆τ¯ f/bW , but with very small amplitudes. This procedure would thus
be difficult on experimental data. By contrast, our present experimental investigation shows that
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Figure 9: Differential electron production N , defined in eq.(14), along the forward, backward,
left and right directions of electron ejection, for (1S)-(-)-camphor irradiated by a left circularly
polarized radiation. In the inset are displayed the PECDs in the forward/backward and left/right
directions.
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measuring differential delays is now feasible, and will surely be addressed by highly sensitive
setups in the next future. In this respect, it seems that the differential delay ∆τ¯ f/bW is a very valu-
able chiral observable which encodes subtle features of the underlying chiral potential, beyond
usual (PECD) signatures.
We now investigate the origin of the features observed in the differential Wigner delays.
∆τ¯
f/b
W involves delays averaged on the molecular orientations. We thus looked at the delays for
all underlying orientations, ∆τ f/bW (Rˆ;E), and observed that some of them have very important
values. For instance, focusing on the local maximum of ∆τ¯ f/bW centered about E = 2.5 eV
in Fig. 9, we found that that the orientation defined by (α = 22.5◦, β = 45◦, γ = 0◦) yields
∆τ
f/b
W (Rˆ;E) ∼ 2 fs at this energy (see Fig. 11(A)). This important delay difference stems
from a phase jump of ∼ pi in the forward direction, in a narrow E-range where the phase in
the backward direction behaves smoothly and thus leads to a vanishing Wigner delay (see Fig.
11(B)). Simultaneously the dipole modulus has ∼ 0 amplitude in the forward direction (see
Fig. 11(E)). In other words, the important delay in the forward direction is nothing else than
the signature of a Cooper minimum (58, 59) induced by the potential shape in the (θ = 0, ϕ)-
electron direction for (α = 22.5◦, β = 45◦, γ = 0◦) molecular orientation. This large delay
difference, in the fs range, survives orientation averaging, and leads to the maximum of ∆τ¯ f/bW
in the as range at E ∼ 2.5 eV (see Fig. 11).
In our calculations, which are based on the single-active electron approximation and employ
a simplified form of the molecular potential in terms of ESP-charges, all local variations of
∆τ¯
f/b
W are due to such differential Cooper minima. This is illustrated in Figs. 11(D-F) for the
oscillation appearing in Fig. 10 about E = 8.5 eV. In this case the important negative delay
computed in the forward direction for (α = 180◦, β = 157.5◦, γ = 0◦) contributes positively
to the averaged ∆τ¯ f/bW because sin(β) < 0. It is important to note that in the experiment, the
multiphoton excitation/ionization preferentially selects some molecular orientations within the
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Figure 10: Differential Wigner delays, ∆τ¯ f/bW and ∆τ¯
l/r
W , defined in eqs. (16) and (17) respec-
tively, for (1S)-(-)-camphor irradiated by a left circularly polarized radiation. The Wigner delay
τ¯ fW in the forward direction is illustrated in the inset.
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Figure 11: (A) Wigner delays, τW , in the forward and backward directions for (α = 22.5◦, β =
45◦, γ = 0◦); the (red) continuous line refers to the forward direction and the (black) dashed
one to the backward direction. Associated variations of the phase (B) and square modulus (C)
of the dipoles. (D-F) graphs are similar to (A-C), but for (α = 180◦, β = 157.5◦, γ = 0◦).
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sample of ramdomly oriented molecules. Our calculations suggest that this photoselection can
have a huge impact on the measured quantities. In the future, it would thus be of great interest
to study the differential Wigner time delays within the molecular-frame of chiral molecules.
It has to be noted that not only differential Cooper minima but also differential resonances
are amenable to important local variations of ∆τ f/bW (Rˆ;E) because of underlying ∼ pi phase
jumps. However, our calculations are based on the single-active electron approximation, which
inhibits the occurrence of autoionizing resonances. Shape resonances do not show up either, at
least using our simplified description of the ionic potential in terms of ESP-charges. Neverthe-
less, it is clear that fine differential features of chiral molecular potentials can, in general, be
probed by measurements and computations of ∆τ¯ f/bW .
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3 Data analysis and error bars
3.1 Raw VMI images
For each time delay, each enantiomer and each polarization state, we record 2D projections of
the 3D-PAD, averaged over ∼ 5x104 laser shots. As mentioned in the main text, these photo-
electron distributions are up-down asymmetric. We thus separate the up- and the down- part of
the signals, and symmetrize them in order to be able to perform the pBasex inversion. A typical
raw VMI image (before any symmetrization or anti-symmetrization) in linear scale (Fig. 12(A))
and in logarithmic scale (Fig. 12(B)) are presented below. For this example, the UV was lin-
early polarized, the IR was circularly polarized and the target molecules were (1S)-(-)-camphor.
Figure 12: Raw experimental VMI images. (A) In linear scale and (B) in logarithmic scale.
These images have been recorded using circularly polarized UV and linearly polarized IR fields,
in 1S-(-)-camphor.
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3.2 Resonant photoionization of chiral molecules
This subsection describes the procedure for extracting the error bars of Fig. 4 (B) and (D) of
the main paper.
Figure 13: Forward/Backward asymmetry of the spectral phase (∆ϕf/b) across the resonant
sideband. In (A) ((1S)-(-)-camphor) and (B) ((1R)-(+)-camphor), the 400 nm is circularly po-
larized and the 800 nm is linearly polarized. In (C) ((1S)-(-)-camphor) and (D) ((1R)-(+)-
camphor), the 400 nm is linearly polarized and the 800 nm is circularly polarized. For the
(1S)-(-)-camphor panels (A,C), the blue dots represent the ∆ϕf/b extracted for different scans
and the red lines/dots are the mean values. For the (1R)-(+)-camphor panels (B,D), the red dots
represent the ∆ϕf/b extracted form different scans and the blue lines/dots are the mean values.
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For each polarization configuration and for each enantiomer, at least five consecutive delay
scans are performed for left and right polarizations. The photoelectron images obtained using
left (L) and right (R) polarizations are used to produce a sum image (L+R) and a difference
image (L-R). Each photoelectron image is averaged over ∼ 5 · 104 laser shots. For a non-chiral
sample, or non-chiral ionizing light, (L-R) is expected to be zero, while for a chiral sample
photoionized with a chiral light it is expected to be non-zero and antisymmetric with respect to
the laser propagation axis. On the contrary, L+R images are symmetric with respect to the laser
propagation axis. In order to eliminate artifacts due to the imperfect nature of the waveplates
and detector, we antisymmetrize the (L-R) images and symmetrize the (L+R) images.
The (L-R) and (L+R) images are decomposed as a sum of Legendre polynomials (34). When
the laser-molecule interaction is cylindrically symmetric with respect to the detection plane (for
instance when both the pump and probe pulse are linearly or circularly polarized), this decom-
position procedure enables reconstructing the 3D photoelectron angular distribution from its 2D
projection onto the VMI detector. In the present experiment, a combination of circular and lin-
ear polarization is used and the cylindrical symmetry condition required to rigorously retrieve
the 3D distribution from its projection is lost. This can lead to deviations between the Legendre
decomposition and the 3D distribution, in particular in terms of energy smearing. However, in
our measurements we detect very sharp structures in the Legendre decomposition: the phase
jump across SB1 extends over about 0.1 eV. This indicates that there is no major blurring of
the reconstructed distribution, and that it must not deviate much from the 3D distribution. The
full 3D distribution could be retrieved by repeating the experiment for different directions of
the linearly polarized field and performing a tomographic reconstruction (60). This procedure
would be prohibitively long with a 1kHz laser system, but will be achievable in a reasonable
time using fiber-based lasers at few 100 kHz rate.
We analyze the oscillations of the photoelectron image associated with left polarization (L)
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by summing the (L-R) and (L+R) decompositions. The R image, obtained by the difference
between (L+R) and (L-R), would give perfectly antisymmetric results with respect to the light
propagation axis.
In order to study the statistical dispersion of our data, the phase of the sidebands oscillations
is measured for each delay scan, in each quadrant. The forward and backward phases from
a given (upper or lower) hemisphere are subtracted to calculate ∆ϕf/b. Two values are thus
obtained for each scan, giving us a total of at least 10 sets of measurements. The ∆ϕf/b extracted
for each independent measurement as well as their average values are shown in Fig 13.
Using Student’s statistics, we calculate the 95 % confidence intervals based on the n indi-
vidual measurement of ∆ϕf/b. The confidence intervals are defined as:
[
∆ϕf/b − t
√
S
n
,∆ϕf/b + t
√
S
n
]
(21)
where ∆ϕf/b is the mean value of all individually measured ∆ϕf/bi , t is called the quantile
and is a quantity that depends on the confidence interval and the number of individual measure-
ments (n), and S is the unbiased estimator of variance, defined as :
S =
1
n− 1
n∑
i=1
(∆ϕ
f/b
i −∆ϕf/b)2 (22)
The mean values of the measured f/b asymmetry of the spectral phase, ∆ϕf/b, as well as
the 95 % confidence intervals are presented in figure 4 (B) and (D) of the main paper. We can
conclude, based on statistical variability, that our data are accurate and statistically meaningful.
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3.3 Fourier analysis of the sidebands oscillation
The sideband signal as a function of delay is Fourier transformed and shows a single peak at
an energy corresponding to a 2ωIR oscillation frequency (Fig. 14). This ensures that we are in
a RABBIT-like regime and that no higher-order phenomenon affects our phase measurement.
Indeed, because ATI peaks also oscillate due to multiple quantum path interferences (e.g. for
ATI1 interference between [2+1] (3x400nm) and [2+2’] (2x400nm + 2x800nm) paths), one
could wonder if this amplitude modulation would affect the phase of the sideband oscillation.
A detailed investigation of RABBIT performed by Antoine Camper et al. (61) demonstrated
that when the Fourier transform of the sideband oscillations only showed a single 2ωIR peak
(no 4ωIR or higher orders), the oscillation phase of the sideband was solely determined by the
phase difference between adjacent peaks.
Figure 14: Fourier analysis of the temporal oscillation of the SB1 (black), SB2 (red) and SB3
(blue). The photoelectron signal have been integrated over the spectral bandwidth of each SB
prior to the Fourier analysis.
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3.4 Angular-resolved extraction of spectral phase across SB1
In this subsection, we present the oscillation of the SB1 signal as a function of photoelectron
energy and ejection angle. In Fig. 15 (A), we clearly see the steep∼ pi phase-jump between 1.87
eV and 1.92 eV for electron ejected between 0-10◦. The magnitude of the phase jump across
the resonance is still∼ pi, but is much smoother for electron ejected between 20-30◦. The phase
jump disappear for ejection angle between 50-60◦. One can notice that the signal-to-noise ratio
is very good for electron ejected closer to the laser polarization axis, where the photoelectron
signal is maximum. The behavior of the spectral phase as a function of photoelectron ejection
angle results in a complex spatio-temporal shaping of the photoelectron wavepacket (see Fig. 4
of the main paper).
Figure 15: Raw oscillations of the SB1 signal as a function of photoelectron energy and ejection
angle. The different colored lines represent different photoelectron energy. The electrons are
ejected between 0-10◦ in (A), between 20-30◦ in (B) and between 50-60◦ in (C). These data
were taken with linearly polarized UV and circularly polarized IR fields, in 1S-(-)-camphor.
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3.5 Enantiomeric mirroiring in the reconstruction of resonant photoelec-
tron wavepackets
In this subsection, we present the reconstruction of the autoionizing photoelectron wavepackets
for both polarization configurations as well as for both camphor enantiomers. We present the
wavepackets along the same ejection angles as shown in the Fig.4 of the main paper. Our aim
is to show that even very subtle effects are mirroired when switching the enantiomer.
For example, in figure 16, the very small delays between forward and backward wavepacket
emitted along α = 30◦ (Fig. 16 (B,F)), α = 60◦ (Fig. 16 (C,G)), α = 80◦ (Fig. 16 (D,H) show
a striking mirroiring when switching between enantiomers. It demonstrate the validity of these
measurements. A nice enantiomeric mirroiring can also be observed for the case where the UV
is linearly polarized and the IR circularly polarized (Fig. 17).
Figure 16: Temporal profile of the resonant electron wavepackets emitted in different direc-
tions in (1S)-(-)-camphor (top, A-D) and (1R)-(+)-camphor (bottom, E-H), using a circularly
polarized UV and a linearly polarized IR field.
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Figure 17: Temporal profile of the resonant electron wavepackets emitted in different direc-
tions in (1S)-(-)-camphor (top, A-D) and (1R)-(+)-camphor (bottom, E-H), using a circularly
polarized UV and a linearly polarized IR field.
3.6 Attosecond delays in non-resonant photoionization of chiral molecules
We will describe the procedure to extract the f/b asymmetry of the attosecond delays in non-
resonant photoionization, i.e. for SB2 and SB3. To do so, we have used the same data sets
as in the last section. For each measurement, we calculated the ∆τ f/b, by using the subtracted
forward and backward 2ωIR oscillation phases, which has been extracted from signals integrated
over the sideband bandwidth, as in the conventional RABBIT technique. The individual ∆τ f/b
for SB2 and SB3 are shown as blue dots in figure 18 (A) for (1S)-(-)-camphor and as red dots in
figure 18 (B) for (1R)-(+)-camphor. In both cases, the black dots are the mean values. The value
lies close to zero for both enantiomers and both sidebands. When changing the enantiomer, the
results should be perfectly mirrored (opposite). Any deviation from perfect mirroring could
be ascribed to statistical errors (different S/N ratio for each enantiomer), to systematic error
(detector inhomogeneity or polarization state artifact, for example) or to different enantiopurity
for each sample. To account for those unwanted detrimental effects, and to estimate more
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precisely the ∆τ f/b, we redefine ∆τ f/b as:
∆τ f/b =
1
2
(∆τ
f/b
(+) −∆τ f/b(−) ) (23)
where ∆τ f/b(+) and ∆τ
f/b
(−) are the experimentally measured ∆τ
f/b for (1R)-(+)-camphor and
(1S)-(-)-camphor, respectively. Note that after this procedure, we have removed all the un-
wanted experimental induced errors and the ∆τ f/b are perfectly opposite for (1R)-(+)- and
(1S)-(-)-camphor. After doing this treatment, we calculate the 95 % confidence interval error
bars using the Student’s statistics procedure described in the previous section. The ∆τ f/b for
(1R)-(+)-camphor (green dots) and (1S)-(-)-camphor (orange dots) are presented on figure 18
(C). Note that for this case, the UV is linearly polarized and the IR is circularly polarized.
One can see that for both non-resonant SB2 and SB3, the ∆τ f/b is found to be zero. Again,
only the weak IR field is circularly polarized, so the f/b asymmetry is solely broken during
’measurement’ step. Our data suggest that for non-resonant photoionization, the ’measurement’
step induces the same delay in the forward than in the backward direction, with respect to the
light propagation direction.
We now turn our attention to the case when the UV is circularly polarized and the IR is lin-
early polarized. In that case, because the IR is linear, it cannot induce any f/b asymmetry in the
’measurement’ step, which means that the measured delays will only reflect the f/b asymmetry
of the Wigner time delay. Our experimental data reveal a ∆τ f/b = 7± 2as for (1S)-(-)-camphor
(∆τ f/b = −7± 2 as for (1R)-(+)-camphor) for the SB2 and a null ∆τ f/b for the higher energy
SB3.
We have performed an angular-resolved analysis of the differential photoionization delay of
the SB3 by slices of 10◦ instead of by quadrant, in order to see if it vanishes for all ejection
angles. Figure 20(A) shows the evolution of the differential Wigner delay with electron ejection
angle for SB3. The differential delay remains 0 within the error bars for all ejection angles,
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Figure 18: Forward/Backward asymmetry in the attosecond photoionization delay (∆τ f/b) for
the two non-resonant sidebands, when using linearly polarized UV and circularly polarized IR.
In (A)/(B) we present the ∆τ f/b extracted from each independent scans that we have performed
in (1S)-(-)-camphor/(1R)-(+)-camphor, respectively. In (A), the blue dots represent the ∆τ f/b
extracted from different scans and the black dots are the mean value. In (B), the red dots
represent the ∆τ f/b extracted from different scans and the black dots are the mean value. In
(C), we present the enantiomeric ∆τ f/b, as defined in equation 23.
which confirms the validity of our initial conclusion. One can notice that the error bars on this
measurement are larger than those on SB2. This is caused by the low level of the signal, which is
typically one order of magnitude lower for SB3 than for SB2. Repeating the measurements with
higher accuracy (active stabilization of the delay line, higher repetition rate of the laser, longer
pulses with narrower spectrum...) could enable us to reduce the error bars and reveal possible
small but non-zero values. Figure 20(B) shows the evolution of the differential continuum-
continuum delay with electron ejection angle for SB3, when the UV field is linearly polarized
and the IR field is circularly polarized. The ∆τ f/bcc also remains 0 within the error bars for all
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Figure 19: Forward/Backward asymmetry of the attosecond photoionization delay (∆τ f/b) for
the two non-resonant sidebands, when using circularly polarized UV and linearly polarized IR.
In (A)/(B) we present the ∆τ f/b extracted from each independent scans that we have performed
in (1S)-(-)-camphor/(1R)-(+)-camphor, respectively. In (A), the blue dots represent the ∆τ f/b
extracted from different scans and the black dots are the mean value. In (B), the red dots
represent the ∆τ f/b extracted from different scans and the black dots are the mean values. In
(C), we present the enantiomeric ∆τ f/b, as defined in equation 23.
ejection angles.
3.7 Sampling and phase measurements of the oscillating signals
The temporal resolution of our experiment is determined by the accuracy with which we are able
to measure the phase of the oscillating (sine) function. It depends on the way we sample the sine
function as well as on the algorithm used to extract the phase. From the sampling point of view,
the experimental acquisition time sets a limit and imposes the total number of samples that can
be acquired in a reasonable time. In our experimental conditions we recorded 5 oscillations
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Figure 20: Angle-resolved f/b differential delay for SB3. In (A) when using circularly polar-
ized UV and linearly polarized IR and in (B) when using linearly polarized UV and circularly
polarized IR.
with 10 points per oscillations, and sequentially repeated the measurement for 5 consecutive
delay scans in each enantiomer. The overall acquisition time was roughly 10 hours. Recording
5 oscillations fulfills the standard set by IEEE to properly sample a sine function (62).
For the phase measurement, we compared two methods: Discrete Fourier Transform and
4-parameter sine fitting. The method can significantly influence the accuracy of the results, as
demonstrated for instance in (62). The 4-parameter fitting followed the procedure recommended
by IEEE (IEEE-STD-1057).
Figure 21 shows the ∆τ f/b extracted from both methods as a function of electron ejection
angle. The error bars are calculated by Student statistical analysis of the consecutive measure-
ments. The results from the two methods are consistent within the error bars. The DFT provides
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smaller error bars, and we thus chose this procedure for our data analysis.
Figure 21: Comparaison between Discrete Fourier Transform (DFT) and 4-parameter Sine Fit
methods to extract the angle-resolved ∆τ f/b for sideband 2. An offset of 2 degree was added to
the point extracted with the DFT method in order to clearly see the difference between the DFT
and Sine Fit methods.
50
References
1. I. Powis, Advances in Chemical Physics, S. A. Rice, ed. (John Wiley & Sons, Inc., 2008),
p. 267329.
2. B. Ritchie, Phys. Rev. A 13, 1411 (1976).
3. N. Bo¨wering, et al., Physical Review Letters 86, 1187 (2001).
4. L. Nahon, G. A. Garcia, I. Powis, Journal of Electron Spectroscopy and Related Phenom-
ena 204, 322 (2015).
5. A. Comby, et al., The Journal of Physical Chemistry Letters 7, 4514 (2016).
6. S. Beaulieu, et al., Faraday Discussions 194, 325-348 (2016).
7. S. Beaulieu, et al., New Journal of Physics 18, 102002 (2016).
8. U. Meierhenrich, Amino Acids and the Asymmetry of Life, Advances in Astrobiology and
Biogeophysics (Springer, Berlin, Heidelberg, 2008).
9. M. Tia, et al., The Journal of Physical Chemistry Letters 4, 2698 (2013).
10. K. Klu¨nder, et al., Physical Review Letters 106, 143002 (2011).
11. A. L. Cavalieri, et al., Nature 449, 1029 (2007).
12. S. Haessler, et al., Physical Review A 80, 011404(R) (2009).
13. I. Jordan, et al., Physical Review A 95, 013404 (2017).
14. S. Heuser, et al., Physical Review A 94, 063409 (2016).
51
15. P. Hockett, E. Frumker, D. M. Villeneuve, P. B. Corkum, Journal of Physics B: Atomic,
Molecular and Optical Physics 49, 095602 (2016).
16. D. Baykusheva, H. J. Wo¨rner, The Journal of Chemical Physics 146, 124306 (2017).
17. A. Chacon, M. Lein, C. Ruiz, Physical Review A 89, 053427 (2014).
18. L. Cattaneo, J. Vos, M. Lucchini, C. Cirelli, U. Keller, International Conference on Ultra-
fast Phenomena (Optical Society of America, 2016), p. UM2B.3.
19. U. Fano, Phys. Rev. 124, 1866 (1961).
20. A. Kaldun, et al., Science 354, 738 (2016).
21. M. Kotur, et al., Nature Communications 7, 10566 (2016).
22. V. Gruson, et al., Science 354, 734 (2016).
23. M. Ossiander, et al., Nature Physics 13, 280 (2017).
24. P. Agostini, F. Fabre, G. Mainfray, G. Petite, N. K. Rahman, Phys. Rev. Lett. 42, 1127
(1979).
25. P. M. Paul, et al., Science 292, 1689 (2001).
26. L. J. Zipp, A. Natan, P. H. Bucksbaum, Optica 1, 361 (2014).
27. L. Nahon, et al., Physical Chemistry Chemical Physics 18, 12696 (2016).
28. C. Lux, et al., Angewandte Chemie International Edition 51, 5001 (2012).
29. C. S. Lehmann, N. B. Ram, I. Powis, M. H. M. Janssen, The Journal of Chemical Physics
139, 234307 (2013).
52
30. C. Lux, M. Wollenhaupt, C. Sarpe, T. Baumert, ChemPhysChem 16, 115 (2015).
31. D. W. Schumacher, F. Weihe, H. G. Muller, P. H. Bucksbaum, Physical Review Letters 73,
1344 (1994).
32. X. Gong, et al., Physical Review Letters 118, 143203 (2017).
33. S. Skruszewicz, et al., Physical Review Letters 115, 043001 (2015).
34. G. A. Garcia, L. Nahon, I. Powis, Review of Scientific Instruments 75, 4989 (2004).
35. J. M. Dahlstro¨m, A. L’Huillier, A. Maquet, Journal of Physics B: Atomic, Molecular and
Optical Physics 45, 183001 (2012).
36. E. Wigner, Physical Review 98, 145 (1955).
37. S. Aseyev, Y. Ni, L. Frasinski, H. Muller, M. Vrakking, Physical Review Letters 91, 223902
(2003).
38. P. Hockett, Journal of Physics B: Atomic, Molecular and Optical Physics 50, 154002
(2017).
39. M. Tia, et al., The Journal of Physical Chemistry Letters 8, 2780 (2017).
40. M. Piancastelli, Journal of Electron Spectroscopy and Related Phenomena 100, 167 (1999).
41. D. Catone, et al., Physical Review Letters 108, 083001 (2012).
42. L. Argenti, et al., Physical Review A 95 043426 (2017).
43. S. Beaulieu, et al., arXiv:1612.08764 [physics] (2016).
44. D. Busto, et al.,arXiv:1709.07639v1 [physics.atom-ph] (2017).
53
45. F. Qin, et al., Nature Communications 8, 14465 (2017).
46. R. Naaman, D. H. Waldeck, Annual Review of Physical Chemistry 66, 263 (2015).
47. R. Gaillac, M. Vacher, A. Maquet, R. Taı¨eb, J. Caillat, Phys. Rev. A 93, 013410 (2016).
48. M. Schmidt, et al., J. Comput. Chem. 14, 1347 (1993).
49. R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, The Journal of Chemical Physics 72, 650
(1980).
50. T. Yanai, D. P. Tew, N. C. Handy, Chemical Physics Letters 393, 51 (2004).
51. D. Amati, Il Nuovo Cimento (1955-1965) 16, 1160 (1960).
52. D. Dill, J. L. Dehmer, The Journal of Chemical Physics 61, 692 (1974).
53. B. H. Besler, K. M. Merz, P. A. Kollman, Journal of Computational Chemistry 11, 431
(1990).
54. P. Decleva, A. Lisini, M. Venuti, Journal of Physics B: Atomic, Molecular and Optical
Physics 27, 4867 (1994).
55. M. Abu-Samha, L. B. Madsen, Phys. Rev. A 81, 033416 (2010).
56. B. R. Johnson, The Journal of Chemical Physics 69, 4678 (1978).
57. M. L. Goldberger, K. M. Watson, Phys. Rev. 127, 2284 (1962).
58. J. W. Cooper, Phys. Rev. 128, 681 (1962).
59. F. Cloux, B. Fabre, B. Pons, Physical Review A 91, 023415 (2015).
60. M. Wollenhaupt, et al., Applied Physics B 95, 647 (2009).
54
61. A. Camper, T. Ruchon, Proceedings of UVX 1, 01014 (2013).
62. M. Sedlacek, M. Krumpholc, Metrology and Measurement Systems 12, s427 (2005).
55
